The crystal structures of eight sodic-calcic and sodic amphiboles from the Kajlidongri manganese mine, India, have been refined to R values of 1-2% using single-crystal MoKa X-ray data. The crystals used in the collection of the intensity data were subsequently analyzed by electron-and ion-microprobe techniques. Site populations were assigned from the results of site-scattering refinement and stereochemical analysis, taking into account the unit formula determined for each crystal. These amphiboles range in composition from richterite to magnesioriebeckite to magnesio-arfvedsonite.
INTRODUCTION THE CANADIAN MINERALOGIST
The behavior of Li in amphiboles was characterized in detail by Hawthorne et al. (1992 Hawthorne et al. ( , 1993 Hawthorne et al. ( , 1994 and Oberti et al. (2000 Oberti et al. ( , 2003a Oberti et al. ( , b, 2004 . Lithium can be incorporated at the M(3) and M(4) sites in monoclinic amphiboles, up to a limit of 3 apfu (atoms per formula unit). There is complete solid-solution between Li and (Mg, Fe 2 +) at the M(3) site and between Li and Na at the M(4) site, although the possible dependences of these schemes on temperature are not fully understood. Monoclinic Li-rich amphiboles have been found in three distinct parageneses: (1) peralkaline granite (Hawthorne et al. 1993 , 1996a , 2001 , Oberti et al. 2005 , (2) episyenite (Caballero et al. 1998 , 2002 , Oberti et al. (2000 , 2003a , b, 2004 and (3) manganiferous metasediments , 1994 , Armbruster et al. 1993 , Tait et al. 2005 . The mechanisms of incorporation of Li into amphiboles in peralkaline granites (Hawthorne et al. 1994) and episyenites (Oberti et al. 2003a ) are now well understood. However, the situation is not the same for amphiboles in manganiferous metasediments. The chemical compositions of the amphiboles in this paragenesis are somewhat more complicated than those of amphiboles from peralkaline granites and episyenites, involving considerable variation in Mn 3 + and Ti 4 +, and concomitant variation in H. In order to further understand the incorporation of C-group Li into amphiboles, we have examined a series of amphiboles from manganiferous metasediments that do not contain significant Mn or Ti, and which have stoichiometric H contents (i.e., OH + F = 2 apfu; atoms per formula unit).
THE KAJLIDONGRI MINE
The metasedimentary rocks of the Precambrian Aravalli Supergroup occur in western India in Madya Pradesh, Rajasthan and Gujarat (Crawford 1969) , and consist predominantly of phyllites, quartzites and carbonates intruded by post-tectonic granites (Lahiri 1971) . Interbedded with phyllites, quartz schists and gondites (noncalcareous Mg-rich meta-argillites and meta-arenites), the manganiferous ores of Kajlidongri occur in quartz-rich rocks that contain syngenetic bands of Mn oxide and Mn silicate minerals. A later phase of supergene activity produced concordant epigenetic veins of quartz, feldspar, calcite and Mn silicates (Nayak 1966 , 1969a , b, Lahiri 1971 , including a wide variety of Mn-and Li-bearing amphiboles , 1994 , Tait 1999 ).
ANALYTICAL METHODS

X-ray data collection and structure refinement
The amphiboles examined here are named in Table 1 . Experimental details are as described by Oberti et al. (1992) . Unit-cell parameters, R indices and other information pertinent to data collection and refinement are given in Table 2 . Final coordinates and anisotropic-displacement parameters of atoms are given in Table 3 , selected interatomic distances and angles are listed in Table 4 , and the refined site-scattering powers are listed in Table 5 . Tables of observed and calculated structure-fractures are available from the Depository 
* standard deviations are <5 in the last figure.
of Unpublished Data on the MAC web site [document titatively by ion-microprobe analysis. The Fe 3 + content Magnesioriebeckite CM46_ 455].
was derived from the observed <M(2)-0> distance and the mean bond-length -aggregate-cation-radius relation Electron-microprobe analyses of Hawthorne (1983a) . In fact, all Fe is in the trivalent state, and the resulting chemical compositions and unit The crystals used in the collection of the X-ray formulae are given in Table 6 . intensity data were subsequently mounted, polished and analyzed by electron-and ion-microprobe techniques following the procedures described by Oberti 
are --:2in the final digit.
* see text for discussion of normalization procedure.
SITE POPULATIONS THE CANADIAN MINERALOGIST
The M(2) site
The site preferences and site populations were assigned on the basis of (I) the refined site-scattering values (Table 5) , (2) the unit formulae derived from the chemical compositions determined by electron-and ion-microprobe analyses (Table 6 ), (3) the observed bond-lengths (Table 4) , (4) the constraint that all sites except A be fully occupied, (5) the electronic neutrality of the resulting formulae. First, we examine the agreement between the refined site-scattering values and the equivalent electrons from the unit formulae for the M(I,2,3), M(4) and A groups (Fig. I ). This agreement is good for all groups, with root-mean-square deviations of 0.4, 0.5 and 0.7 epfu (electrons per formula unit), respectively. Given the smaller total numbers of electrons at the A sites, the agreement for this group is not satisfactory in all cases. However, this is to be expected, as (l) the electron density in the A cavity of monoclinic amphiboles is quite difficult to model accurately, and (2) all errors in the chemical composition and normalization procedure accumulate at the A site. Nevertheless, the agreement is sufficient to assign accurate site-populations.
The T sites
These amphiboles contain only minor AI: 0.051 5AI 50.128 apfu, and the calculated formulae distribute AI between the C-group and the T-group cations. The short <T(l)-O> distances (Table 4 ) are in accord with almost complete occupancy of T(I) by Si , and there is no relation between [4lAI and <T(I)--Q>, as expected from the relations presented by Hawthorne & Oberti (2007) .
The refined site-scattering values (Table 5) indicate that most, if not all, of the Fe present in each crystal occurs at this site. Inspection of the <M(2)-0> distances suggests that it is all in the trivalent state (Hawthorne 1983a) . Thus all C-group AI was assigned to M(2), together with all Fe in each crystal and sufficient Mg to fill the site. Comparison of the observed and calculated site-scattering at M(2) (Fig. 2) shows that the assigned site-populations are in accord with the refined sitescattering values.
The M(l) and M(3) sites
Inspection of Table 5 shows that the dominant constituent at M(I) and M(3) is Mg, in accord with the unit formulae of Table 6 . As shown by Hawthorne et al. (1992 Hawthorne et al. ( , 1993 Hawthorne et al. ( , 1994 , Oberti et al. (2000 Oberti et al. ( , 2003a Oberti et al. ( , b, 2004 Oberti et al. ( , 2005 and Tait et al. (2005) , C-group Li is completely ordered at the M(3) site. Assigning the Li in this way and filling the balance of the site with Mg gives calculated site-scattering values that are close to the refined values (Table 5 ). The dominant species at M(I) is Mg, but the refined site-scattering values indicate small amounts of an additional constituent with a higher atomic number than Mg. The small amounts of excess scattering (relative to Mg) at M(l) correlate well with the amount of Mn (+ Ti) in the unit formulae, suggesting that Mn is the "heavy" constituent at M(I). The small amount of Ti in crystal 793 was assigned to M(l), together with the corresponding amount of 02--at 0(3) ( Table 6) 
The M( 4) site
The sums of the C-group cations in these amphiboles are generally larger than 5 apfu, leaving a small excess of C-group cations to be assigned to the B-group [i.e., the M(4) site] (Table 6 ). All Ca was assigned to M(4), together with sufficient Na to fill the site. As all Fe was assigned to the M(2) site as Fe 3 +, this leaves either Mg or Li to be assigned to the M(4) site [actually the M(4)' site]. The issue of which cation, Li or Mg, is to be assigned to the M(4) site is examined in Figure 3 . In Figures 3a and 3b , the full lines are the calculated relations between the site scattering and the compositional variable on the abscissa. In Figures 3c and 3d , the full lines are the 1:1 relation between the calculated sitescattering with Mg (Fig. 3c) and Li (Fig. 3d) of cLi, with Mg ( Fig. 3a) and Li (Fig. 3b) assigned to M(4) as excess C-group cations, respectively. Figures  3c and 3d show the relation between the scattering determined by SREF at the M(4) site as a function of the calculated scattering at M(4) using Mg (Fig. 3c) and Li (Fig. 3d) , respectively, assigned to M(4) as excess C-group cations. There is not a lot to choose between Figure 3a and Figure 3b , whereas for M(4), there is better agreement for Li assigned to M(4). Of course, the differences between the two models shown in Figure 3 are not large because the amounts of Li in these amphiboles is not large. Thus although the data do indicate that some Li occurs at M( 4) in preference to Mg, our confidence in this result is not high. will be discussed later.
(c)
V ARlATiONS IN CHEMICAL COMPOSITION Inspection of Table 1 shows that, except for crystal 793, the amphiboles examined here are either magnesioriebeckite or (in some cases adjectively modified) richterite. The primary differences between these two compositions involve Fe 3 +, Mg, INa and A(Na + K). Figure 5 shows the variation in Fe 3 + as a function of INa. There is a linear variation in composition exactly between end-member richterite (RICH) and endmember magnesioriebeckite (RIEB). This coherence of the data gives us confidence in our derivation of the exact Fe 3 + contents, and indicates a very restricted variation in amphibole composition. This is borne out by Figures 6 and 7 , which show the variations in Fe 3 + as a function of A(Na + K) and BNa as a function of (Mg + Mn 2 + + Li), respectively. The largest departure from linearity with the end-member compositions in Figure 6 is for crystal 793, which is actually magnesioarfvedsonite; the deviation from linearity for 793 is still quite modest, and the different name is a result of a slight excess of A(Na + K) for the amount of Fe 3 + present, which just moves the crystal into the different compositional field. In Figure 7 , the data depart slightly from exact linearity with the end-member compositions.
A small amount of Fe 2 + may be present, but the trends of Figures 5, 6 and 7 suggest that (if present) it must be small «0.05 apju). It is surprising, at least to us, that such a locally heterogeneous and low-temperature environment can result in such a coherent variation in amphibole composition.
THE BEHAVIOR OF eLI IN AMPHIBOLES
Lithium is a significant component of the C-group cations in amphiboles from silica-oversaturated peral- kaline granitic rocks, episyenites and manganiferous metasediments. However, comparison of the behavior of Li in amphiboles from these three types of paragenesis has been confounded by the complexity of the amphiboles in manganiferous metasediments. In addition to incorporating significant CLi, these amphiboles can also contain major to dominant 02--at the 0(3) site (Hawthorne et al. 1994 , Tait et al. 2005 and also can contain significant to major amounts of Mn 3 + , Tait et al. 2005 . However, in the present work, these complexities have been avoided by judicious selection of samples with 0(3) = OH + F and only minor Mn (which is probably in the divalent state). Figure 8 shows the variation of Li as a function of Ca content in amphiboles from Kajlidongri (this work only), and compares them with the welldeveloped trends for the Virgin Canyon pluton, U.S.A.
""'-RIEB -.
• Kajlidongri amphiboles; legend as in Figure 5 . (Hawthorne et al. 1993 ) and the Strange Lake pluton, Canada (Hawthorne et al. 2001) shown as heavy lines. Although Li decreases with increasing Ca, the amphiboles from Kajlidongri (circles, Fig. 8 ) do not show the well-developed correlations shown by amphiboles from Virgin Canyon and Strange Lake. Hawthorne et al. (2001) ascribed the trends for the Virgin Canyon and Strange Lake amphiboles to the effect of progressive fractionation of the parent magma rather than a crystalchemical effect of the amphibole structure itself. This being the case, one does not expect a similar trend for amphiboles from Kajlidongri, with its totally different paragenesis.
On the other hand, Li shows a strong positive correlation with the amount of F at 0(3) (Fig. 9) . The slope of the relation in Figure 9 is~1:2, suggesting that Li is locally associated with F at each of the coordinating 0(3) sites. Ferro-sodic-pedrizite (Oberti et al. 2005 ) shows a similar behavior. However, the Li-bearing amphiboles from Virgin Canyon, Strange Lake and the Pedriza Massif, Spain (Oberti et al. 2003a) show no such correlation. In the Virgin Canyon and Strange Lake suites (Hawthorne et al. 1993 (Hawthorne et al. ,2001 , F is invariably in excess of 2 X Li apfu, meaning that there is sufficient F in these amphiboles to ensure that Li is locally coordinated by F at the adjacent two 0(3) sites (although, of course, we cannot know from the data if Li actually does assume this local coordination in Virgin Canyon and Strange Lake amphiboles). However, in Pedriza massif amphiboles (Oberti et al. 2003a) , eLi is generally greater than F/2 apfu, and can be greater than F. These observations point to a different behavior of F at the very different conditions of these parageneses. The amphiboles at Kajlidongri formed at much lower temperature than the amphiboles at Virgin Canyon, As indicated in Figure 4 , there are four distinct patterns of electron density in the amphiboles examined here, and we can divide them into two different types: (1) the electron density is elongate in the mirror plane (vertically in Fig. 4 ) with two distinct maxima and either none or only minor density visible along the 2-fold axis perpendicular to the mirror plane (Figs. 4a, b) ; (2) the electron density shows only one maximum and is only slightly elongate within the mirror plane (Figs. 4c, d ). It has long been known that K exclusively occupies the A(m) site in monoclinic amphiboles (Hawthorne 1983a , and references therein). However, the behavior of Na is more complicated. Hawthorne et al. (l996b) et al. (l996b) has shown that where the 0(3) site is occupied by (OH), the K atom is closer to the A (2/m) site (i.e., the electron density is less extended in the mirror plane) than where the 0(3) site is occupied by F. This occurs as a result of a repulsive interaction between K at the A(m) site and H associated with (OH) at the 0(3) site. Where the 0(3) site is occupied by F, such a repulsion no longer occurs, and K can relax to a more off-centered position, a tendency that is increased by the occurrence of Li at M(3) and the ensuing need for bonding between the A cation and F at 0(3). The type-(l) amphiboles, in which the A-site electron density is strongly elongate in the mirror plane (Figs. 4a,  b) , has AK less than 0(3lF, and hence there is sufficient F for a local association of K and F, accounting to some extent for the more elongate electron-density in these amphiboles. In the type-(2) amphiboles, in which the A-site electron density is only slightly elongate in the mirror plane (Figs. 4c, d) , AK is greater than 0(3lF, and there is insufficient F to ensure local association of K and F. Hence most K must be locally associated with (OH) at the adjacent 0(3) site, accounting for the less elongate electron-density in these amphiboles (Figs.  4c, d) .
In type-(l) amphiboles (crystals 723, 724, 725, 787, 791, 793) , all K at the A(m) site is associated with Fat the 0(3) site; however, there is sufficient F remaining to allow most ANa to be locally associated with F at 0(3). After assigning Na to the (most preferred) M(4lNa_ O (3lF_ A (mlNaarrangement, there is 0.00, 0.00, 0.00, 0.01, 0.04 and 0.14 Na apfu to assign to other arrangements. The next most preferable local arrangement is M(4lCa_O(3l0H_A(2lNa, and there is sufficient Ca (just about) for this arrangement to occur in 791 and 793. Thus in the type-(l) amphiboles, there is zero to a small amount of A(2lNapresent, as indicated in the variation in the electron-density patterns (Figs. 4a, b) .
In type-(2) amphiboles (crystals 790, 792), the amount of K invariably exceeds the amount of F, and hence K at the A(m) site is associated with both F and (OH) at the 0(3) site. All arrangements involving ANa must also involve 0( 3l OH, i.e., the optimum arrangement M(4lNa_ O (3lF_ A (mlNa cannot occur because there is no F available. The next most preferred arrangement is M(4lCa_O(3l0H_A(2lNa;there is sufficient Ca for this to occur and account for the remaining A-site Na, in tum accounting for the increased electron-density along the 2-fold axis in these amphiboles (Fig. 4c, d ).
Thus we see that the patterns of electron density at theA sites are in accord with the variations in the chemical compositions of these amphiboles. So the obvious question follows: does the occupancy of the different A-sites drive the variation in the occupancies of adjacent sites, and in tum, bulk composition of the amphiboles, or does the bulk composition drive the occupancy of the different A-sites? We suggest that neither of these alternatives represent the situation correctly. We suggest that during crystallization, the optimum pattern of short-range order condenses from the possible amphibole constituents that are immediately adjacent to that specific part of the crystal. If this is the case, short-range order plays a major role in controlling the composition of the amphibole during crystallization.
